The self-sustained thermite reaction between iron oxide (Fe 2 O 3 ) and aluminum is a classical source of energy. In this work the radial combustion propagation on thin circular samples of stoichiometric and over aluminized Fe 2 O 3 /Al thermite mixtures is studied. The radial geometry allows an easy detection of sample heterogeneities and the observation of the combustion behavior in their vicinity. The influence of factors like reactant mixtures stoichiometry, samples green density and system geometry on the rate of propagation of the combustion front is analyzed. The radial combustion front profiles are registered by digital videocrono-photography. Combustion thermograms are obtained for two sample radii. Theoretical calculations, based on the impurity levels reported by the reactants manufacturers and on the thermite reaction stoichiometry, were used to define the stoichiometric mixture with unitary equivalence ratio (E. R.). However, it was found from the experimental results that the excess of aluminum only starts for E. R. values between 1.12 and 1.27. This was explained by the further oxidation of aluminum during storage and/or by the reaction incompleteness. In the range studied, the combustion rates of the thermite mixtures did not show any significant dependence on the green density. Combustion rates obtained in this work were slightly higher than those obtained in an earlier work for long square channel geometry. A considerable dispersion of temperature values was observed and attributed to thermocouples sensitivity to micro-scale variations.
Introduction
The self-propagating high temperature reactions involving a metal and a metal oxide -thermite, two metals -intermetallic, or a metal and a gaseous oxidant -metal oxidation, assume combustion characteristics and are known sources of high energy. Many compositions are proposed in the bibliography [1 -3] . These processes are by nature very exothermic, generating extremely high temperatures of reactants and products in the reaction zone (high enough to promote fusion and probable gasification of reactants and products) and enabling self sustainability and propagation of the combustion front. In the self-propagation regime, the combustion front moves fast, but the stability and velocity depend on reactants particle size and shape, reactant mixtures stoichiometry, quality and green density, system geometry, ignition energy, heat generated by the reaction and heating and cooling rates [2] .
In this work, the classical thermite reaction between Fe 2 O 3 and aluminum is studied. Its difficult ignition allows insensitivity levels higher than those observed on other energetic materials. The combustion front propagation rates for this reactive system are commonly low when compared with other pyrotechnic systems. However, the above mentioned parameters influence them considerably. This can be realized examining the published work. Merzhanov and Sytschev [4] reported the first experimental study of gasless combustion, which shows the influence of ambient pressure (from 0.1 MPa to 10 MPa) and particle size of Al (0.3 mm and 9 mm) on the burning velocity of the Fe 2 O 3 þ 2Al þ 0.9Al 2 O 3 system with cylindrical geometry. None of the two parameters were found to have a significant effect on the measured velocity. The reported average burning velocity was 0.4 cm · s
À1
. Sanin et al. [5] presented results of the combustion rate for different widths of a square long channel confinement. They also studied the addition of alumina as inert additive and the combustion extinction limit of these samples (! 20% alumina). In the absence of the inert additive, the combustion rate was 10 cm · s À1 , for a channel > 20 mm width. For lower widths, lower combustion rates were obtained, 2 mm being the measured critical channel width. Frolov [6] refers to the Fe 2 O 3 /Al system as a pseudo-gasless heterogeneous condensed system, due to the fact that "initial substances and end products are solid but intermediate products may be volatile". The aluminum sub-oxides are volatile and responsible for the dependence of combustion rate on the pressure. He obtained combustion rates from 0.9 cm · s À1 , for atmospheric pressure, to % 4 cm · s À1 , for pressure above 4 MPa. Dilution with alumina was found to reduce combustion temperature and the amount of intermediate products.
Kallio et al. [7] reported combustion rates of 2 -4 cm · s À1 for the aluminothermic reduction of a Fe 2 O 3 /Fe 3 O 4 mixture in the treatment of steel industry by-products. In this case, there was a considerable amount (% 7 -14 wt%) of other oxides in the effluent under study, acting as diluting agents. Recently, Plantier et al. [8] investigated the influence of stoichiometry in the combustion rate of Fe 2 O 3 /Al mixtures for nanometric reactants. They used a long square channel and performed open and confined burning experiments with very low densities (5 -8 %TMD). The oxidizers used were either commercially available or obtained by a sol-gel technique. They found that measured combustion rates depended strongly on the oxidizer synthesis technique, the stoichiometry and the confinement conditions. A wide variation of results was obtained with combustion rates varying from a few centimeters to hundreds of meters per second. The annealing pre-treatment of the iron oxide gel increased significantly the combustion rates. In the best set of conditions, values above 900 m · s À1 were attained. This study investigates the radial combustion front propagation on thin circular samples of stoichiometric and over aluminized Fe 2 O 3 /Al compositions. The radial geometry allows the straightforward detection of sample heterogeneities and permits the observation of their effect on the combustion process. The results are compared with theoretical predictions, with experimental results obtained earlier in axial geometry [9] , and with literature results. The influence of reactant mixtures composition and green density and system geometry is discussed.
Experimental

Reactants Characterization
In Table 1 
Mixtures Composition
The composition of five thermite mixtures is presented in Table 2 . T100 is the stoichiometric Fe 2 O 3 /Al mixture, being the others over aluminized. E. R.s are calculated by the molar ratio between "oxygen necessary for the oxidation of the existing Al to Al 2 O 3 " and "oxygen actually present in the Fe 2 O 3 of the mixture". The first term corresponds to the oxygen necessary to meet the stoichiometric condition, i.e. according to the reaction scheme: (a) In this case, the uncertainty of the mean value is defined by the standard deviation.
Impurities are considered in the above calculation. After weighting and adding individual reactants, each mixture was homogenized in a rotary mixer during 24 hours. Caked material was scrapped by using an industrial mixer, at low speed, during thirty minutes. The good quality of the mixtures was confirmed by optical microscopy (microscope Nikon Optiphot HFX-II).
Experimental Set-Up
Prior to the combustion process, reactant mixtures were pressed, in a stainless steel circular box with an inner PMMA lid (cf. Figure 1) , by a cold uniaxial press (hydraulic press COMPAC P60), at 200 MPa for five minutes. The pressing process was repeated once, if the compaction level attained in the first pressing was low. Samples of 1 -2 mm thickness were obtained and the compaction levels varied from 50 to 70%TMD (calculated by weight and geometry measurements).
A schematic diagram of the experimental set-up used in the combustion experiments is given in Figure 2 . The selfpropagating reaction was initiated, in an uncompressed mixture filling the ignition channel, via a nichrome resistive wire, instantaneously heated by means of a 100 V capacitor discharge. The radial combustion rates were estimated via digital video-crono-photography. Time resolution was 50 frame · s À1 and shutter speed 250 ms. Video frames, taken every 0.04 s, allowed the definition of combustion front propagation profiles for each experiment. Figure 3 shows a sequence of video frames of the radial combustion front propagation for a T159 experiment. Combustion thermograms were obtained at two different radii (10 mm and 20 mm from the centre), using Tungsten/Rhenium thermocouples (Omega, type C), connected to an amplifier and to a fast digital signal analyzer. Figure 4 shows a typical record of thermocouples signals. Calibration curves of amplifier and thermocouples allow the calculation of temperature values from the registered voltage.
Results and Discussion
The video frames have shown approximately circular radial combustion profiles and improved regularity and definition was obtained for high values of the radius. This fact corroborates the good quality of mixing, already observed by optical microscopy. Hot spots were detected during propagation, with notorious high light emission (cf. Figure 3 ). Figure 5 shows selected scans of after burning products for the five mixtures under study. The products remained in islands due to coalescence and crystallization at preferential points. The agglomeration of products was more significant in mixtures with lower aluminum content. In this case, the combustion rates were lower and less spreading of products occurred. Figure 6 shows typical combustion front propagation profiles and corresponding radial combustion rate for T100, T127, and T159 mixtures. Results for T112 and T142 mixtures are omitted for simplicity. Combustion performance of T112 is marginally better than T100. T142 has a combustion performance in between T127 and T159. The radial position of the front versus time is approximately linear, resulting in quasistationary radial combustion rates (cf. Figure 6 ). The dispersion of radial combustion rate values versus radius is mainly due to the numerical approximation of the derivative calculation. The dispersion is higher near the origin -from r ¼ 0 to r % 0.005 m -due to lower accuracy in the position variable and to the transient behavior of combustion onset. Based on the combustion profiles between r ¼ 0 m and r ¼ Figure 7 presents the combustion rates for each experiment. The combustion rates along the 10 mm linear distance of the thermocouples radius path can also be calculated, considering the time gap between the two signals (cf. Figures 4 and  7) . A previous examination of results based on physical and statistical arguments led to the rejection of some outliers (not included in the figure) . The mean combustion rates are displayed by lines in Figure 7 . Results show an increase of mean combustion rates with increasing aluminum content in the mixtures. As expected, the mean combustion rates calculated including the initial points of the combustion profiles are higher than those obtained without these points. The values obtained from combustion profiles for radii between 0.005 m and 0.025 m are better estimates of the combustion rates in the quasi-stationary regime of propagation. The first increment in combustion rate, from T100 to T112, is smooth and can be ascribed to over-estimated purity level of aluminum due to oxidation during storage (in spite of the aluminum coating) and/or mass and energy dispersion in sub-products due to incomplete reaction (more significant in regions where the heat losses to the surroundings were significant). Thermite reaction mechanism via iron aluminates and the crystallization extent of alumina and iron from these intermediate compounds depend on the Fe 2 O 3 /Al relative proportion and on the combustion temperature achieved; the maximum combustion temperature and rate are expected when full conversion of intermediate compounds takes place. This means that experimental stoichiometry of Fe 2 O 3 /Al mixtures, in the sense of complete reaction to alumina and iron products, is not located on E. R. ¼ 1 (T100). Instead, it may occur for E. R. values between 1.12 and 1.27, where the increment in combustion rate is particularly pronounced. X-ray diffraction measurements and Mçssbauer spectroscopy of the combustion products are currently underway and preliminary results indicate the formation of Fe 3 Al from T127 to T159 mixture. This fact corroborates the excess of Al (E. R. > 1) from 1.27 to higher E. R. values. Thus, the sudden increase observed between T112 and T127 mixture and further behavior may be explained by a consecutive exothermic reaction taking place, involving aluminum excess and Fe product formed by the thermite reaction, according to (2) .
The slightly exothermic character of this reaction enhances the combustion propagation rate of the thermite reaction.
The behavior of the mean points based on the thermocouples signals is different from the mentioned above at E. R. around 1.27. This can be explained by the calculation of the mean with fewer points than in the previous cases. Table 3 presents all the results and corresponding uncertainties. The ignition delay times in Table 3 support the conclusion of the higher exothermic nature of T127 to T159 mixtures combustion when compared to T100 and T112. There is a sharp reduction of the ignition delay time from T100 to T127, being less accentuated thereafter. Chow and Mohler [12] studied the ignition time of Fe 2 O 3 /Al stoichiometric mixtures as a function of laser power and reactants particle size. They reported ignition times in the range of 0.15 -1 s, in agreement with the results of this work.
In a few experiments, some irregularities in combustion propagation profiles are observable (cf. Figure 8 ). In (a), a preferential combustion of one hemisphere of the sample, followed by the combustion of the other, may be the consequence of an asymmetrical ignition and/or sample thickness variations. In (b), the combustion in one hemisphere of the sample seems to extinguish or to be less intense (invisible with the optical filter), probably due to the very low thickness of this sample, particularly in this hemisphere (% 1 mm). In (c), the combustion rate was three times higher than the mean value for this mixture. The shadowed region corresponds to very high light emission observed in the second film frame (as the video camera was dimmed, the corresponding profile is not shown in the figure). This faster combustion behavior can be explained by a preferential burning path occurring between the PMMA lid and the sample, leading to a multi-point initiation in that region. Glue was used to fill the PMMA/sample interface, to avoid this phenomenon. (d) presents a significant, but exceptional, thermocouples interference in the combustion propagation.
The obtained results are in agreement, i.e. in the same order of magnitude, with results of Sanin et al. [5] , Frolov [6] , and Kallio et al. [7] (cf. Section 1). Considering the experimental conditions used by these authors, it can be concluded that pressure conditions, samples green density, and system geometry did not lead to changes in the combustion rate order of magnitude. On the contrary, Figure 6 ). The behaviors of mean combustion rates are given by lines in each case. Radial Combustion Propagation in Iron(III) Oxide/Aluminum Thermite Mixturesreactants particle size, mixtures stoichiometry, dilution and confinement are factors with significant effects. In earlier work [9] , a long square PMMA channel (175 Â 5 Â 5 mm) was filled with T100 and T127 thermite mixtures, to study the combustion rates in self-propagating and field-assisted (by continuous electrical discharge) modes. Green densities were low, ranging from 25 to 33%TMD. A set of three optical fibres, coupled to a photodiode system and connected to a fast digital signal analyzer, were used to evaluate average combustion rates. In the self-propagating mode, the obtained values were 1.5 cm · s À1 and 2.5 cm · s À1 for T100 and T127 mixtures, respectively. In this work, for the same two mixtures, the combustion rates were slightly higher. Figure 9 shows a weak positive correlation between samples green density and E. R. Aluminum seems to act like a binder and lubricant for the iron oxide particles in the press process. However, the measured combustion rates, for each thermite mixture, do not show a significant dependence on corresponding densities, in the studied range (cf. Figure 10 ). This dependence may have been masked by the variation of combustion rate data.
In Figure 11 , the experimental temperature measurements for different compositions are shown. For the experimental set-up, it was decided not to use insulation of the hot junction of the thermocouples for improved sensitivity of the temperature measurement. The price paid was a significant variation of the temperature results due to micro-scale variations, i.e, local changes of thermocouples environment in their position in the sample. Therefore, depth of thermocouple insert in the sample and amount and type of combustion products glued to the hot junction at the time the wave passes, are two factors that affect the temperature signal. This last factor is anticipated due to the insulator nature of alumina, one of the reaction products. Another phenomenon liable to affect the measurement is the electromotive force dissipation through the stainless steel box that confines the sample. Short time interferences on the thermocouples signals after the onset of the second thermocouple signal were detected in some experiments. Since there is an experimental evidence of Fe melting during the reaction, all temperature values below 1300 8C were eliminated (% 250 8C below the melting temperature of Fe).
Although a significant variation of local temperatures occurred, the calculated mean temperatures for thermocouple 1 and 2 are similar for each composition (cf. Figure 11 ). This gives a clear indication that the combustion regime was stationary and already established by the first thermocouple position. It can also be concluded that the mean reaction temperature is not particularly sensitive to changes in the mixtures composition in the studied range of equivalence ratios. The global combustion of Fe 2 O 3 /Al mixtures was simulated using THOR thermochemical code. It allows the prediction of the combustion products composition as a function of their final PVT state [9 -11] . THOR code prediction, as expected, gave maximum adiabatic combustion temperature for E. R. ¼ 1, where mass and energy are less dispersed on sub-products with higher enthalpy of formation than stoichiometric products. In the calculation no heat losses to the surrounding are considered and reaction extent is ignored. Therefore, the calculated values are higher than the experimental values of temperature. The high thermal conductivity of stainless steel, combined with the low sample thicknesses, may cause high heat losses from the experimental system to the surrounding, accentuating this difference. Fisher and Grubelich [1] calculated the adiabatic combustion temperature of the Fe 2 O 3 /Al stoichiometric composition, with and without phase changes in the products. They found 2862 8C and 4109 8C for each case. THOR predictions are in good agreement with the first value.
Conclusions
The radial combustion profiles of the studied Fe 2 O 3 /Al mixtures were approximately circular. Improved regularity and sharpness was obtained for high values of the radius. The combustion propagation clearly involved the formation of hot-spots. The combustion rate results have shown an increase of the mean combustion front propagation rates with increasing aluminum content in the mixtures. The experimental stoichiometry of Fe 2 O 3 /Al mixtures, in the sense of complete reaction to alumina and iron products, was not located at E. R. ¼ 1 (T100). This experimental point was located between the T112 and T127 mixtures, where an excess of aluminum appeared. In the studied range, the measured combustion rates did not show any dependence on density. The combustion rates obtained in this work were slightly higher than those obtained in earlier work for long square channel geometry. This discrepancy can be attributed to samples geometries and/or green densities. Thermocouples high sensitivity led to a significant variation of the temperature results due to micro-scale variations. The calculated mean temperatures were not particularly affected by the samples composition in the range of E. R. studied. THOR code prediction establishes an upper limit to the mean combustion temperatures, since it considers adiabatic conditions and complete reaction. These conditions are not fully met experimentally.
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